Core-shell molecularly imprinted polymers (CS-MIPs) have aroused increasing interest owing to their easy accessibility and favorable mass transfer. Herein, we explore the correlation between shell thickness and binding capacity by using Sudan I as template molecule to prepare different CS-MIPs at the surface of carboxyl polystyrene through emulsion polymerization with a two-step temperature-rising process. Extensive characterization was performed using techniques such as SEM/TEM, FT-IR, BET, and TGA. Main factors were systematically studied such as the amount of prepolymer solution, the amount of SDS, and the temperature step. Under the optimized conditions, CS-MIPs with a shell thickness of 2.60 mm presented the highest binding capacity of 30.1 mmol g À1 and the most rapid mass transfer rate. A uniform sphere model was constructed, and it was found that template molecules located in the spherical MIPs with a diameter of 5.20 mm will be completely eluted, thereby attaining the maximum binding capacity.
Introduction
Molecular imprinting has been widely recognized as a promising technology for the preparation of tailor-made synthetic materials that are capable of specically recognizing targeted molecules. 1 For the past few decades, the interest and attention shown toward this technology has been increasing at an amazing pace. [1] [2] [3] [4] This is mainly attributed to the diversity of potential applications of the versatile molecularly imprinted polymers (MIPs) in purication/separation, 4,5 chemo/biosensing, 6 catalysis, 7,8 drug delivery 9,10 and so on. MIPs exhibit many attractive characteristics; however, they still have met with some limitations, such as incomplete template removal, low binding capacity and slow mass transfer. 1, 11 Considering the above problems, a variety of approaches have been developed, e.g., precipitation polymerization, surface imprinting, controlled/ living free radical polymerization, etc.
1 Surface imprinting has been accepted as one of the most promising ways, with the imprinted sites situated at or close to the surface of MIPs, enabling an easy access of the target molecules and fast mass transfer. 12 Surface imprinting has been extensively studied for many support materials such as silica nanoparticles, 13 silica gel, Fe 3 O 4 magnetic particles, 14 and polystyrene beads 15 for the formation of surface coatings. Recently, surface imprinting core-shell MIPs (CS-MIPs) have been increasingly synthesized and more widely applied due to their intrinsic advantages, such as good dispersion, rapid binding kinetics, and easy and complete removal of template molecules.
13-17
In order to satisfy different applications, CS-MIPs with well controlled physical forms in different size ranges are highly desirable. For example, MIP nanoparticles are very suitable in binding assays and microuidic separations, whereas MIP beads with diameters of 1.5-3 mm are typically more appropriate to use in new analytical liquid chromatography systems. Ye et al. have systematically investigated how to control particle size for different analytical applications and synthesized monodisperse MIP beads with sizes ranging from 100 nm to 2.4 mm by varying the ratio of two different cross-linkers in precipitation polymerization. 18 Lu et al. have used a modied precipitation polymerization method to synthesize microspheres with diameters of about 2-3 mm. 19 The mechanism and inuence factors of this polymerization method were studied. The research on shell thickness for binding capacity, however, is quite limited. 20 One example was presented by Zhang et al.,
where they developed a surface functional monomer-directing strategy at the surface of silica nanoparticles. 20 A critical value of shell thickness for the maximum rebinding capacity was determined by testing the evolution of rebinding capacity with shell thickness, which provided insight into the effectiveness of molecular imprinting and the form of imprinted materials. Therefore, investigating the relationship of shell thickness and the imprinting performances of CS-MIPs may offer important guiding signicance to attaining ideal CS-MIPs.
In this work, we explore the inuence of shell thickness on CS-MIP properties, by preparing Sudan I CS-MIPs at the surface of carboxyl polystyrene by core-shell emulsion polymerization with a two-step temperature-rising process. The amount of prepolymer solution, the amount of SDS, and the two-step temperature-rising polymerization were optimized to control the shell thickness of the polymers. Molecular recognition properties of CS-MIPs were systematically investigated by adsorption tests, and structural analogues were also studied for selectivity examination. The synthetic conditions and mechanism were discussed in detail, and a spherical model was constructed to evaluate the inuence of shell thickness on binding capacity.
Experimental

Reagents
Sudan dyes (Sudan I, II, III and IV) were purchased from Shanghai Chemical Reagents Co. (Shanghai, China). Styrene, ethyleneglycol dimethacrylate (EGDMA), and methacrylic acid (MAA) were purchased from Sigma-Aldrich (Shanghai, China) and distilled under vacuum prior to use to remove inhibitor. 2,2 0 -Azobis(isobutyronitrile) (AIBN) was obtained from Shanghai Chemical Reagents Co. and recrystallized in methanol prior to use. Sodium dodecyl sulfate (SDS) and polyvinylpyrrolidone (PVP, MW: 24 000) were supplied by Tianjin Reagent Plant (Tianjin, China). High performance liquid chromatography (HPLC) grade acetonitrile was purchased from Merck (Darmstadt, Germany). All other chemicals and reagents were obtained from Sinopharm Chemical Reagent (Shanghai, China). All solvents and chemicals were of analytical grade and used without further purication unless otherwise specied.
Synthesis of carboxylated polystyrene particles
Micrometer-sized, monodisperse carboxylated polystyrene seed particles were prepared by dispersion polymerization similar to a reported procedure with necessary modication. 21 In brief, PVP (1.5 g) was dissolved in ethanol (95 mL) and distilled water (5 mL) in a 250 mL three-necked, round-bottom ask. The mixture was magnetically stirred under a nitrogen atmosphere. AIBN (60 mg) in styrene (10 mL) and MAA (1 mL) were added to the above solution. Aer purging with nitrogen for 10 min at room temperature, the polymerization reaction was heated to 60 C for 24 h under the nitrogen atmosphere. The obtained carboxylated polystyrene particles were puried by centrifugation and washing with ethanol and water (1 : 1, v/v) three times each, and then they were dispersed in 200 mL distilled water.
Preparation of CS-MIPs
Sudan I CS-MIPs were prepared by core-shell emulsion polymerization based on the steps below. Prepolymer solutions were rstly prepared by dissolving Sudan I (1 mmol) and MAA (4 mmol) in toluene (4 mL), which were stored at 4 C in the refrigerator for 12 h. Then, the solution of prepared carboxylated polystyrene seed particles (20 mL) was added to 80 mL of aqueous solution (containing 30 mg SDS) in a 250 mL threenecked, round-bottom ask. Subsequently, 1-6 mL of the prepolymer solutions, 1-6 mL of EGDMA, and 80 mg of AIBN were added, followed by purging with nitrogen for 10 min. The twostep temperature polymerization was undertaken with magnetic stirring in a nitrogen atmosphere at 50 C for 2 h. The product was further aged at 60 C for 20 h. The polymers were then obtained by centrifugation and rinsing with anhydrous ethanol three times to wash off residue. Aerward, the polymers were washed with methanol-acetic acid solution (9 : 1, v/v) in a Soxhlet extractor for 24 h to remove the template molecule and obtain the nal Sudan I CS-MIPs. For comparison, the coreshell non-imprinted polymers (NIPs) were also prepared using the same procedures and conditions only without the addition of template molecule Sudan I. In order to test the adsorption capacity of CS-MIPs, different amounts of prepolymer solutions were added for comparison. The MIPs prepared by adding 1, 1.5, 2, 2.5, 3 and 4 mL of prepolymer solution were named MIP1, MIP2, MIP3, MIP4, MIP5 and MIP6, respectively, for simplicity. It should be noted that in all the preparations, the mole ratio of MAA to EGDMA was kept at a constant value of 0.2, and the amount of polystyrene seed particles was kept constant (20 mL). As a control, NIPs were prepared using identical prepolymer solutions according to the same procedures and conditions, only without the addition of template Sudan I. For example, corresponding NIP2 was given for simplicity.
Characterization
The morphologies of polymers were observed using a scanning electron microscope (SEM, Hitachi S-4800, Japan, operating at 20 kV) and a transmission electron microscope (TEM, JEM-1230, operating at 100 kV). Size distribution was determined by a laser particle analyzer (MASTERSIZE2000, Malvern Instruments, UK). A FT-IR spectrometer (Thermo Nicolet Corporation, USA) was employed to examine the infrared spectra of samples using a pressed KBr tablet method. The thermostability and purity was tested by thermogravimetry (TG) analysis using a ZRY-2P thermal analyzer (Mettler Toledo). N 2 adsorptiondesorption isotherms and structure parameters were obtained via Brunauer-Emmett-Teller (BET) analysis by Full-automatic Specic Surface Instruments (3H-2000BET-A, Beishide Instruments, Beijing, China). A HPLC-UV setup (Skyray Instrument Inc., China) was used for adsorption amounts evaluation.
Adsorption experiments
Adsorption of Sudan I from acetonitrile solutions was carried out in batch experiments. The static adsorption test was performed by allowing a constant amount of CS-MIPs to reach the adsorption equilibrium with a Sudan I standard solution of known concentration. The procedure was as follows: 20 mg of CS-MIPs were put into several 5 mL asks, each containing 2.0 mL of Sudan I acetonitrile solutions of different concentrations. Aer incubation at room temperature for 12 h, the samples were centrifuged and the supernatant solutions were collected and ltrated through a 0.45 mm membrane, and the concentrations of the solutions were determined using HPLC-UV. The binding amount (Q) of template molecules onto MIPs could be obtained using eqn (S1), that is, by subtracting the free concentrations of template aer MIPs adsorption from the initial concentrations of template molecules. The maximum binding capacity (Q max ) and dissociation constant (K d ) could be estimated by processing with the following Scatchard equation:
where, Q is the amount of Sudan I adsorbed onto the CS-MIPs at equilibrium, C e is the free Sudan I concentration at equilibrium, K d is the dissociation constant, and Q max is the apparent maximum amount that can be bound. K d and Q max can be obtained from the slope and intercept of the linear curve plotted in Q/C e versus Q, respectively. Meanwhile, the dynamic adsorption test was carried out by monitoring the amount of Sudan I adsorbed by the CS-MIPs, as follows: 20 mg of CS-MIP particles were dispersed in 2 mL acetonitrile solutions containing 3 mmol L À1 of Sudan I in 5 mL asks, and then the mixtures were continuously oscillated in a thermostatically controlled water bath at room temperature for 0-150 min (i.e., 0, 10, 20, 30, 40, 50, 60, 90, 120 and 150 min, respectively). Aer that, the polymers were removed centrifugally, and the supernatant solutions were collected and their concentrations determined using HPLC-UV, which were similar to those observed in the static adsorption test. The same procedures were used to test the adsorption amounts of NIPs. Moreover, selectivity experiments were conducted by using Sudan II, III and IV that are structurally similar to Sudan I.
For the HPLC-UV procedure, a C 18 column (Arcus EP-C 18 , 5 mm, 4.6 Â 150 mm Column, Waters) was used as the analytical column. HPLC conditions optimized for the Sudan dyes were as follows: mobile phase, acetonitrile-water (95 : 5, v/v); ow rate, 1.0 mL min À1 ; room temperature; UV detection, 478 nm for Sudan I and 520 nm for Sudan II, III and IV; injection volume, 20 mL.
Results and discussion
Preparation of CS-MIPs
Ideal imprinted materials generally require that the templates are situated at the surface or in close proximity to the materials' surface allow the complete removal of templates, a good accessibility to the target species, and a low mass-transfer resistance. These properties are difficult to achieve in conventional bulk imprinted materials without regular shapes. In this work, emulsion polymerization was adopted. The preparation and imprinting process of the CS-MIPs is schematically illustrated in Fig. 1 . In the rst step, carboxyl groups were introduced to the surface of polystyrene particles by dispersion polymerization, followed by easy chemical modication using MAA for facilitating copolymerization with functional monomers. Then, the carboxyl group-capped polystyrene particles were suspended in aqueous solution with an appropriate emulsifying agent (SDS). Aer a two-step temperature-rising emulsion polymerization, a uniform imprinting layer was coated on the surface of the polystyrene particles. Finally, recognition sites located at the surface of the obtained MIPs were shaped aer the removal of the template molecules. Compared to the complex surface modication for the general preparation of CS-MIPs, the present procedure was simple and easy to control. Herein, three kinds of strategies were successively employed to form a uniform shell. One is the two-step temperature-rising polymerization strategy. In the rst polymerization stage at low temperature, polymerization proceeded slowly, resulting in a thin oligomer layer forming at the surface of the polystyrene particles, which induced the following polymerization to occur at the surface of the polystyrene. The shell was mainly shaped during the second stage at higher temperature with faster polymerization. The second strategy was easy to carry out by adjusting the amount of SDS to adjust the polymer's structure and size ranges. The third strategy was readily conducted by adjusting the amount of prepolymer solution to adjust shell thickness. Thus, by combining the three strategies, uniform core-shell structured MIPs could be attained.
Characterization of the CS-MIPs
The prepared CS-MIPs were characterized by SEM/TEM, laser particle analysis, BET analysis, FT-IR and TGA. SEM and TEM were employed to capture the detailed morphologies of polystyrene and CS-MIPs. As seen in Fig. 2A , the modied polystyrene particles were monodisperse with highly smooth surfaces and spherical morphology, with a uniform size of 1.5 mm. Aer polymerization, MIPs possessed a rough surface with imprinted shell layer in the surface of polystyrene, and this image revealed an average particle diameter of about 2.9 mm (Fig. 2B ). Fig. 2C shows the SEM image of core-shell microspheres with a relatively uniform size distribution, and the shell layer with a diameter of 700 nm could clearly be seen by TEM observation in Fig. 2D . By the virtue of the present three combined strategies, uniform CS-MIPs with different sizes could be synthesized. Moreover, the size distributions of the microparticles were obtained by laser particle analysis. As observed in Fig. 2E and F, the intensity/volume contribution versus diameters of microparticles displayed a good size distribution and a dominant distribution peak around 1.5 mm for polystyrene and 3.0 mm for CS-MIPs, which was allowed to be overestimated comparing with that of SEM/TEM images. For unication and simplicity, the particle size data measured by laser particle analysis was selected for further work. In addition, by BET analysis, the specic surface area of CS-MIPs was measured at 43.27 m 2 g À1 higher than that of the corresponding NIPs (22.92 m 2 g À1 ), as seen in Table S1 . † Fig. S1A † shows N 2 adsorption-desorption isotherms of the CS-MIPs and corresponding NIPs. The average pore size of CS-MIPs and NIPs were 9.42 and 5.62 nm, respectively (Fig. S1B †) . These results proved that the binding cavities were formed on the surface of CS-MIPs by the template molecules. Fig. 3A shows the FT-IR spectra of monodisperse carboxylated polystyrene and uniform CS-MIPs. The wide and strong absorption band at around 1730 cm À1 could be assigned to stretching vibrations of C]O in the CS-MIPs. Two new absorption peaks at around 1262 and 1155 cm À1 also appeared, which could be attributed to the stretching vibration absorption of saturated C-O bonds in ester groups. This result indicated that ester groups in EGDMA had been successfully graed to the surface of the polystyrene. Meanwhile, aer polymerization, the wide and strong absorption band at around 3420 cm À1 , which could be ascribed to the stretching vibration of O-H in the carboxyl group, obviously became weak. Also, the bands at around 3025 and 2922 cm À1 became weak, possibly being stretching vibration of C-H in the phenyl group. Therefore, CS-MIPs using polystyrene as the core were successfully prepared. For TG analysis, a sample material is placed on an arm of a recording microbalance, which is placed in a furnace. The furnace temperature is controlled in a pre-programmed temperature/time prole, or in the rate-controlled mode, where the pre-programmed value of the weight change imposes the temperature change in the way necessary to achieve and maintain the desired weight-change rate. Fig. 3B shows the TG and DTG curves of CS-MIPs. With the temperature increasing from 50 to 240 C, it was strange that their weight did not decrease, which may be caused by two possibilities. In the rst possibility, the rate of weight loss for CS-MIPs was very slow, and the CS-MIPs were very stable below 240 C. In the other possibility, the CS-MIPs presented much higher specic surface areas. The TG analysis proceeded in the nitrogen atmosphere, and the pore structure and surface of CS-MIPs could adsorb a small amount of nitrogen. In the range of 240-350 C, the sample loss was mainly due to the loss of polystyrene. The peak temperature of the CS-MIPs was 313 C, whereas a high rate of weight loss was presented at temperatures ranging from 350 to 470 C, and the residue amounts were 19.38%. The weight loss was very likely to result from the decomposition of cross-linkers. Hence, the prepared CS-MIPs fully demonstrated good thermal stability at temperatures lower than 240 C. These observations could also be clearly explained from DTG curve.
Inuence factor examination
It could be clearly seen that the amounts of prepolymer solution had a signicant inuence on the sizes of the MIP particles, from the preliminary experiments. The conventional mole ratio of the template molecules, functional monomers and crosslinking agents, 1 : 4 : 20, was adopted and displayed a good imprinting effect. With the xed proportion of the three, different volumes of the prepolymer solutions were added. As shown in Table 1 , with the increase of prepolymer solution, the particle size of MIPs gradually increased. Moreover, when the amounts of polymer solution increased to 4 mL, semi-solid form polymers were produced, which were a bit like those prepared by bulk polymerization. So, 4 mL of prepolymer is the boundary of emulsion polymerization and bulk polymerization. Meanwhile, the MIPs showed very poor size uniformity. When the prepolymer solution was below 3 mL, particle size increased gradually with the increase of prepolymer solution; at the same time, the MIP particles were smoother and the consistency was better. When the prepolymer solution was 1.5 mL, the residual and polydispersity index (PDI) were 0.619% and 0.698%, respectively, which meant that the MIP particles were homogeneous. The thickness of MIP shells could further be tuned within the range of 1.3-8.5 mm by controlling the amount of prepolymer solutions. Hence, with other reaction conditions unchanged, the shell thickness was dependent on the amount of prepolymer solution.
The maximum binding capacity of six different CS-MIPs template in acetonitrile was determined. As shown in Fig. S2 , † obviously, MIP2 prepared by using 1.5 mL prepolymer solution offered the highest binding capacity. So, 1.5 mL of prepolymer solution was selected in the following experiments. In core-shell emulsion polymerization, the amount of SDS has a signicant effect on the sample particle size. Herein, the amount of SDS was investigated in order to control the polymer size. It can make the combination of monomer and water into a fairly stable emulsion. The appropriate amount of SDS is required. On one hand, if the amount of SDS is too little, it is difficult for the polystyrene to stably disperse in solution; on the other hand, if SDS is too much, it is easy to cause monomers to form small particles but not aggregate on the surface of the polystyrene. As seen in Table S2 , † the thickness of CS-MIPs (MIP2) decreased gradually with the increase of SDS. CS-MIPs using 30 mg of SDS could maintain the formation of a graed layer in the interface of the shell, showing satisfactory residual and consistency. The more SDS used, the smaller the CS-MIPs size was, but with the increase in SDS, CS-MIPs also easily formed micelles, being prone to forming secondary particles of cross-linking agent. Therefore, follow-up experiments were carried out by using 30 mg of SDS.
Meanwhile, in order to ensure as much as possible that the shell layer be fabricated on the surface of polystyrene, two-step temperature-rising polymerization was performed with magnetic stirring under a nitrogen atmosphere at 50 C for 2 h.
The resultant product was further aged at 60 C for 20 h. 22 At rst, the temperature was set as low as possible so that the rate of polymerization reaction was slow, to ensure that the polymerization of monomers and crosslinking agents in the solution slowly occurred on the polystyrene surface to form oligomers. Once the oligomers deposited on the surface of the polystyrene, an elevated temperature was immediately used for the rapid formation of a shell.
Model construction
Based on the above inuence examinations, we assumed that these template molecules located within a shell thickness of x a The data including d, D, residual and PDI were obtained from the laser particle analyzer. b The diameters of 50% particles were less than the presented value in the column. c The average diameter of surface area of the particle, D½3; 2 ¼ P d
3 from the surface could be removed by eluting solution on the core with a xed scale of r, while when x exceeded a certain value, the template molecules in the interior imprinted sites within the highly cross-linked matrix could not be completely removed, which would render those binding sites invalid. The spheroidal model can be constructed as shown in Fig. 4A . The effective volume of imprinted materials that can rebind target species could be dened as:
In general, the r value is xed since the support particles were polymerized in the same way, which will not change with the imprinted procedure used in the next polymerization synthesis. As seen from Fig. 4B , when the x value is very small, all the imprinting molecules can be cleared off within the shell thickness of x, and the imprinting cavities can combine with template molecules rapidly. With the increase of the x value, the molecules within the particles could not be removed effectively to expose binding sites, and therefore, the binding capacity of the spherical MIP particles with identical r values in the polystyrene core would be reduced (Fig. 4B) . As seen, the binding capacity of MIP1 was lower than MIP2, and this phenomenon may be explained if the core of MIP1 accounted for the proportion of the particles above MIP2 and the shell of MIP1 was less than MIP2 (Table 1) ; however, the core of the polystyrene did not have any binding capacity. On the other hand, the binding capacity of MIP3 and MIP4 were lower than MIP2 because the template molecules at the interior of the shell became hard to elute with the increase of shell thickness, and thus, adsorption capacity as well as the effective imprint sites were also gradually reduced. When forming uniform MIP particles less than a scale of 2x, all the imprinted sites can be effectively used to bind template molecules. When the CS-MIPs possessed a diameter size of 6.73 mm (Table 1) , and the solid core of polystyrene had a radius r of 0.77 mm, it was roughly concluded that all the imprinted molecules could be completely removed from the polymers with a shell thickness x equal to or less than 2.60 mm. Thus, a uniform sphere model can be further generalized with a scale diameter of 2x (Fig. 4A) . Template molecules situated in the spherical MIP particles with a diameter size of 5.20 mm, will be completely eluted and therefore the produced cavity sites will all imprint the targeted analytes. Consequently, the maximum adsorption capacity as well the maximum imprinting efficiency will be attained.
Binding studies of the CS-MIPs
Fig. S3A † shows the binding isotherms of four different CS-MIPs and NIP2, by plotting the correlation of saturated adsorption amounts of polymers and equilibrium concentrations of Sudan I. Similar adsorption trends of MIPs were exhibited owing to their excellent monodispersity and similar core-shell structures. MIP2 showed the highest binding capacity among the MIPs, much higher than that of the corresponding NIPs (Fig. S3A †) and displayed the highest imprinting factor of 2.69 (Table S3 †), indicating that MIP2 possessed excellent selectivity for the template molecule. Scatchard analysis was used to assess the binding isotherms. Using the Scatchard equation, the plots for Sudan I adsorbed onto MIPs and NIPs were obtained. There were two apparent sections within the plot that can be considered as two straight lines, as shown in Fig. S4 , † taking MIP2 as an example. The results implied that there were two types of binding sites of high and low affinity for MIPs due to imprinting, 23, 24 and the rebinding/specic recognition of Sudan I was primarily dependent on hydrogen bonding. In contrast, only one straight line was observed for the NIPs (data not shown), revealing that NIPs had only low affinity binding sites from the lack of the imprinting process. 23, 24 It also hinted that the interaction of Sudan I with NIPs was mainly from nonspecic adsorption such as van der Waals interactions. The adsorption isotherm parameters are listed in Table S3 † and further conrm that MIP2 possessed the optimal molecular adsorption properties.
In addition, the ratio of the binding capacity to the effective mass ratio means the binding efficiency unit mass, and then the relationship between the binding efficiency unit mass and the core's radium (r) of the CS-MIPs can be provided. Consequently, according to the relationship, we can deduce the critical values, which possibly results in invalid binding sites and thus decreased efficiency. Considering MIP2 as an example, the diameter is 6.733 mm and radius is 3.3665 mm, and then the radius of the core is 0.7675 mm by subtracting the shell thickness (2.599 mm) from the radius (3.3665 mm). Therefore, by the eqn (2), the core volume and shell volume of the CS-MIPs could be obtained as 1.894 and 157.919 mm 3 , respectively. So, the ratio of shell volume to the total volume of the CS-MIPs is 0.988, as shown in eqn (S2). † Owing to similar density, the shell volume ratio is just equal to the mass ratio. So, the binding capacity unit mass can be attained by dividing the mass ratio by the determined binding capacity (Q), that is, 30.5 mmol g À1 for MIP2. The value is in good agreement with the experimentally determined value of 30.1 mmol g À1 .
Other sorption models such as Langmuir, Freundlich and Langmuir-Freundlich were also employed to further evaluate the binding isotherms, as shown in Fig. S3B-D ), demonstrating the excellent imprinting effect due to a number of specic binding sites on the CS-MIPs.
Dynamic binding experiments were carried out to estimate the molecular recognition properties of CS-MIPs using MIP2 as an example. As can be seen from Fig. 5A , 40 min was needed to reach adsorption equilibrium for MIP2; in the same adsorption time, the binding capacity of MIP2 was remarkably higher than that of NIP2, indicating that the uniform spherical core-shell structure of MIPs is favorable for mass transfer and binding capacity. Furthermore, the dynamic binding was investigated using different models including pseudo-rst-order, pseudosecond-order, Elovich and intra-particle diffusion, [28] [29] [30] as displayed in Fig. 5B , and the obtained tting results are summarized in Table S5 . † With the highest correlation coefficient of R 2 ¼ 0.9997, a pseudo-second-order model provided the most suitable correlation for the CS-MIPs adsorption. The pseudosecond-order equation can be expressed as:
where, Q t is the instantaneous adsorption amount of Sudan I in the adsorbent at time t, and k 2 is the adsorption rate constant. The obtained Q e of 31 mmol g À1 calculated from the pseudosecond-order model agreed well with the Q e of 30.1 mmol g À1 from experimental results. The curve in the entire time period proved better for predicting the kinetic process under the same experimental conditions than other models. Therefore, it can be concluded the adsorption followed a pseudo-second-order kinetics model. The selective binding characteristic of CS-MIPs was evaluated toward three competitive Sudan dyes as structural analogues. From the data shown in Fig. S5 , † the following facts can be found. MIPs showed a signicantly higher adsorption capacity for Sudan I than for other competitive substrates. The adsorption capacity of NIPs for the four substrates was lower than that of MIPs. The binding capacities for Sudan II were higher than the other two as its structure is more similar to that of Sudan I. All of the above facts showed that MIPs were sensitive to the presence of Sudan I and had a good selectivity for recognition of the imprinted Sudan I molecules. The possible reason for MIPs recognizing the template molecule was the existence of memory cavities forming during the process of polymerization. Therefore, the molecular volume and the interaction between the target molecule and binding sites may be the two possible explanations for the selectivity of the imprinted molecule over the analogs. Obviously, the presented template played a vital role in the selectivity of molecular recognition.
Conclusions
In summary, new kinds of CS-MIP microspheres were successfully prepared by core-shell emulsion polymerization in the presence of SDS via three combined strategies and applied as models to explore the correlation between shell thickness and binding capacity. The thickness of the shell is effectively controlled by optimizing the amount of prepolymer solution, the amount of SDS and using a two-step temperature-rising polymerization. It was deduced that all the imprinted molecules could be completely removed from CS-MIPs if their shell thickness was equal to or less than 2.60 mm. The resultant CS-MIPs demonstrated high binding capacity and fast adsorption kinetics; the adsorption behavior was found to follow Langmuir-Freundlich isotherm and pseudo-second-order kinetic models. In addition, high selectivity was observed. A spherical model was constructed with a correlation between shell thickness and binding capacity. The obtained CS-MIPs had an average particle size of only a few micrometers, and thus, they could be extended for use as highly selective packing sorbents of HPLC columns.
Furthermore, the attained correlation between shell thickness and binding capacity has important guiding signicance for core-shell molecular imprinting. The combination of imprinting technology and core-shell polymers opens a new window of interest to the exploration of functionalized polymers and provides new opportunities in applications involving highly selective recognition of targeted species, and therefore, the high-efficiency enrichment and removal of trace analytes from complicated matrices. The studies on structural size and mechanism can not only offer an effective way to prepare MIPs, but also greatly enrich the research of the molecular imprinting technique.
